The critical phenomena have been studied during the past century but our knowledge of the critical temperatures and pressures of complex hydrocarbon mixtures still is very limited. The critical temperatures and pressures of pure substances have been examined in large numb e r~,~~ and in great detail. 11, 17 No experimental determinations of the critical phenomena have been reported on such complex hydrocarbon systems as a reservoir fluid.
The critical temperature is defined by TaylorlB as follows: "there is some temperature for each gas above which the gas cannot be liquefied. This temperature is called the critical temperature." The critical pressure of a pure substance is the vapor pressure at the critical temperature. I t should be noted that these definitions refer to a given substance in the pure state and do not mean that the pure substance cannot be liquefied in the presence of a second constituent.
The normal procedure for obtaining the critical temperature of a substance is to heat it in a glass tube [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] under pressure until the meniscus between the liquid and vapor phase disappears, although other methods, especially for mixtures, have been used. 13 .14 However, when considering oil and gas reservoirs, it is more enlightening to consider a critical phenomenon that occurs when a mixture of oil and gas are compressed a t a reservoir temperature until the meniscus disappears because the two phases become equal in composition. This conception, along with erroneous applications of the definition of the critical phenomena of a pure substance to that pure substance when it is part of a complex mixture, has caused confusion even among persons familiar with the classical theories.
The purpose of this paper is to discuss the critical phenomena of pure substances and mixtures and to report experimental data on a mixture of natural gasoline and natural gas to a critical pressure and on mixtures of Manuscript received at the office of the Institute Aug. 4, 1938. crude oil and natural gas up to 9000 Ib. per sq. in. One observation of the insolubility of tar constituents of a crude oil in the fluid phase in the region of the critical is described. The significance of this information to problems in oil and gas production is discussed.
The critical conditions for 30 pure substances, including nine hydro-4 carbons, were determined by Young.20 Since his work, the critical properties of most naturally occurring hydrocarbons below octane have been investigated, as given in Table 1 . The vapor pressure and critical data are similar to that for ethane shown on Fig. 1.6-22 The line KDB gives the pressures and temperature a t which vapor and liquid will exist in equilibrium. The area ABK is the compressed liquid region while the area KBC is the superheated vapor region. Outside of area ABC, the substance should be referred t o as a fluid. If the liquid a t D were compressed to F and referred to as a compressed liquid a t these conditions, it would be possible to follow path FGHD and change a liquid into a vapor without a phase change. Accordingly, the substance should be considered to have passed into a uniform fluid region when going above the critical temperature or pressure; for instance, from E to F.
The critical temperature has little significance with respect to the behavior of a pure constituent in a complex mixture, although it is a good reference state for correlating data on pure c o m p o~n d s .~~~ The equilibrium constants for ethane from 40' to 200' F. when the ethane is in a crude-oil system8 show no indication of having passed through any critical temperature at 89' F. Thus critical temperature refers to a definite system, and when this system becomes a part of another system the critical temperature of the first system has little significance for the second system.
The approach of the liquid and vapor densities towards each other in passing f r b i K t o D, and the meeting of the densities a t the conditions of above the critical temperature. This fact makes it possible to enclose a given quantity of a substance in a tube and measure a meniscus disappearance at a temperature close to the critical, even though the quantity of substance in the tube does not give the critical density a t the critical temperature. If less substance than that required to give the critical density is enclosed, the liquid-vapor meniscus should go to the bottom of the tube, but really it disappears, with a slight temperature rise due to the rapid change in properties at the critical. Similarly, too much substance would completely liquefy, but again a slight increase in temperature to the critical would cause the meniscus to disappear. Maass and c o -w o r k e r~~~.~~ have carried on studies with closed tubes and more recently with variable-volume apparatus," in which they show that liquid molecules tend to have some of their cohesive forces acting for 2" to 5" C. above the critical temperature. The use of closed tubes made their early work inconclusive but the recent report shows the same phenomena at the true critical volume. The small range over which the discontinuity exists makes the information of interest only from the classical viewpoint.
Critical data along with phase diagrams have been reported for several simple mixtures of pure hydrocarbon^^^^^^^^^^^ with critical constants as given in Table 1 . The critical temperature of mixtures follows the law of additive properties on a weight or liquid-volume percentage basis reasonably well but the critical pressures rise appreciably above the critical pressure for either constituent.
The phase diagram of one mixture of the methane-propane system is shown in Fig. 2 . The boundary curve was copied directly from Sage, Schaafsma and Lacey14 but the percentage-liquid lines were computed from Sage, Schaafsma and Lacey's vapor-liquid equilibria data. This diagram will be used to illustrate qualitatively the behavior of complex mixtures, even though the shape of the phase diagram for complex mixtures may be of considerably different proportions, especially in the direction of an enlarged pressure quantity between the boundary curves.
The line ELA i s the vapor pressure or bubble-point line, the density of the liquid decreasing from E to A . The line FOHBA is the dew point or complete vaporization line, with a reciprocal increase in density of the saturated vapor to point A, the critical point. Liquid exists above the critical temperature of the system. This liquid is richer in propane than the average for the system and if removed from the vapor phase and examined for its phase relations, would be found to be below its critical temperature at the conditions existing in the 40 per cent methane, 60 per cent propane system. The critical temperature of a mixture refers to the mixture passing from the liquid state to the region of uniform fluid with a slight temperature rise, and the critical temperature must be the maximum temperature a t which a bubble point will exist for the mixture.
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F I G . 8.-PHASE DIAGRAM OF ONE MIXTURE OF THE METHANE-PROPANE SYSTEM.
40 mol per cent methane, 60 per cent propane. After Sage, Schaafma and Lacey. 14 The critical pressure is the vapor or bubble-point pressure a t the critical temperature.
The reverse in the dew-point and percentage liquid lines above the critical temperature permits the phenomena of retrograde condensation.
If the pressure and temperature on a mixture corresponds to H, it is a saturated vapor. Dropping the pressure isothermally will bring the mixture to point J, or 40 mol per cent liquid, and subsequent pressure drops will pass continuously through 20 to 0 per cent liquid. This is the process by which reservoir vapors will produce liquid when the pressure is dropped before passing through a vapor-liquid separator.
A similar retrograde phenomenon will occur above the critical pressure of the mixture. By increasing the temperature on liquid L, normal vaporization will occur, but the vapor will again condense to reach the complete liquid state. These two phenomena are observed only for temperatures or pressures above the critical values for the system considered.
The decrease of the liquid density to the critical by temperature increase along line ELA may be duplicated by increasing the pressure isothermally at the critical temperature.14 Thus if a 20 mol per cent liquid, 80 mol per cent vapor mixture a t D were compressed it would liquefy completely but pass to the region of uniform fluid just as liquefaction was completed. If an unknown vapor-liquid mixture were compressed isothermally in an attempt to meaure the critical pressure at the chosen critical temperature, it would liquefy, vaporize, or reach a critical pressure, depending on whether the volatile constituents were deficient, in excess, or the exact quantity for the mixture to have its critical temperature at the chosen temperature. In cases of liquefaction or vaporization to a uniform phase, the density and composition of liquid and vapor phases wou1d:not become the same as the uniform phase was approached and the relation of the mixture to the critical temperature could be ascertained by following the compositions of the two phases during compression. However, if the densities of the two phases were relatively close as a uniform phase occurred, this pressure would approach the critical pressure just as the temperatures for meniscus disappearance in sealed tubes approached the critical temperature.
This isothermal decrease of liquid density to a critical pressure has been shown to be an important criterion for correlating equilibrium constants.' The equilibrium constants plotted as a function of pressures on isothermal plots converge to unity at this critical pressure. As stated above, considerable freedom in systems may be expected with small changes in critical pressure at a given temperature.
The constant temperature of reservoirs makes investigations on liquid and gas mixtures at reservoir temperatures more convenient than the method of changing temperatures. If a critical temperature is not observed with a given ratio of liquid to vapor, the volatility of the mixture can be changed with results such as have been found for the methanepropane system.14 The difficulty of finding an exact composition for a chosen critical should be of the same nature as filling sealed tubes to measure critical temperatures, hence a reasonable degree of freedom may be expected without serious error in the critical pressure.
EXPERIMENTAL DETERMINATIONS AT HIGH PREBBURE
An apparatus of the type used by Katz and Hachmutha was modified to give one more sample line from the equilibrium bomb and constructed to withstand pressures above 10,000 lb. (Fig. 3) . The bomb had a volume of 700 c.c. which was decreased to about 575 C.C. when the motor was inserted.
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The experiments planned were to place crude oils in the bomb and pump in natural gas until pressures were reached that gave vapors having a considerable content of heavy hydrocarbons. Then the pressure could be increased by injecting mercury into the bottom of the bomb.
The method chosen to determine in a simple and quick manner the degree to which the vapor-phase composition had approached the liquid composition was to pass the bomb fluid through a graduated glass trap at dry-ice temperature and atmospheric pressure. The gas density was measured and its quantity obtained by water displacement. The volume of liquid collected was reported for crude-oil mixtures and weighted quantities for the mixtures of natural gasoline and gas. This method was known to be qualitative and was intended to explore the mixtures to permit fractional analyses of vapors and liquids just below or at critical conditions. A 34" A.P.I. stock-tank crude oil similar to the one for which the analysis is given in Table 4 , and a casinghead gas sample (0.69 gravity) at 1100 lb. were obtained from an Arkansas field. Approximately 200 C.C. of crude was placed in the equilibrium bomb and the high-pressure gas injected, first at the cylinder pressure and then compressing the gas above the cylinder pressure in bomb D. At a pressure of 6000 lb. the contents of the bomb were stirred and samples of liquid and vapor were withdrawn to ascertain the relative quantity of heavy hydrocarbons in the two phases.
At the 6000-lb. pressure no measurable liquid was collected when the vapors were passed through the trap, and so the pressure was raised by gas injection to 9300 lb. a t 80' F. At this condition, the yields of liquid recovered from the vapor are reported in Table 2 . The liquid phase also was passed through the trap but froze a t dry-ice temperatures and so was separated a t room temperature. This experiment .
showed that considerably higher pressures would be required t o reach a critical pressure for the mixture chosen. Accordingly, a mixture of 175 C.C. of the crude and 50 C.C. of an Oklahoma City natural gasoline* were charged to the bomb and gas was injected as before. This mixture was raised to 8900 lb. and the phases examined a t four temperatures to give the data on Table 2 . The concluding run of the series was a t 6000 lb. to show the effect of lower pressure. The data so accumulated were not in the neighborhood of a critical pressure, therefore a more volatile sample, the natural gasoline, was chosen as the liquid phase, with the hope that the critical conditions would come below 10,000 lb. A charge of 205 C.C. of gasoline was followed by the natural gas to a pressure of 3000 lb. a t 80" F. The failure of the stirrer to give equilibrium in the crude-oil experiments was considered a possible explanation of the high critical pressures indicated for the crude oils, therefore the bomb was rocked manually to insure equilibrium.
The upper-phase and lower-phase fluids were passed through the trap immersed in dry ice, with the results shown in Table 2 . Because of the relatively high concentration of heavier constituents in the upper phase, no more gas was injected and the pressure was raised above 3000 lb. by mercury injection. Samples were taken a t constant temperature and pressures shown with the upper and lower phases giving similar liquid-gas ratios a t 4090 lb. At 4600 lb. the upper phase showed no change from the 4090 lb. The consideration of the positions on the phase diagram traversed will follow a description of an experiment on the solvent action of this uniform, highly volatile phase.
The absence of tarry constituents in fluids containing high concentrations of volatile constituents is to be expected from solvent deasphaltizing operations and the work of Pilot.12 To check this surmise, 25 C.C. of a 26.2" A.P.I. Kansas crude having an analysis similar to that given in Table 5 was injected a t 5000 lb. per sq. in. and 80" F. into the estimated 400 C.C. of fluid remaining from the experiments described above. The contents of the bomb containing mercury were agitated and samples of the upper phase withdrawn through the dry-ice trap showed a straw colored liquid with no trace of the tar dissolving in the volatile fluid. The entire contents of the bomb maintained a t 5000 lb. was then taken through the trap at atmospheric pressure and temperature, with a yield of light amber liquid of 0.747 sp. gr. a t 60" F. The mercury layer, including some emulsion, followed the clear liquid, showing the tar phase to be small. The emulsion was centrifuged to yield about 6 C.C. of a tar almost solid a t 80" F.
The data on the natural gasoline-natural gas system give a smooth curve for the liquid yield in the trap as a function of pressure (Fig. 4) . Immediately one wonders if the mixture became a liquid, a vapor, or a critical fluid a t the junction of the vapor and liquid curves. It seems unlikely that one would choose the correct mixture whose critical temperature was 80" F. As the uniform-phase yield was similar to the liquid-phase yield, 'it follows that the possibility of the complete lique-faction is greater than that of complete vaporization. When remembering the rapid changes in vapor and liquid ratios and densities in the neighborhood of the critical temperature and pressures for pure compounds the approach to the critical pressure and temperature for this system may be rather close even though liquefaction or vaporization did occur. Accordingly, the critical pressure of a mixture of which
FIG. 4.-TRAP YIELDS FOR VAPORS AND LIQUIDS.
the critical temperature is 80" F. must be well within 200 lb. of the 4090 Ib. measured.
The consistency of the data on the natural gasoline-natural gas system gave some hope of interpreting the former data on the crude-oil mixtures. Because of the difference in measurement of liquid collected, it was necessary to convert the volumetric trap yields into weight yields, using estimated densities of 0.75 and 0.85 grams per C.C. for the vapor and liquid trap samples respectively. These conversions ( Table 2) permitted the plotting of the points as shown on Fig. 4 . Guided by the two pressures measured a t 200' F. and the shape of the curves for the mixture of natural gasoline and gas, curves have been inserted that should give a rough indication of the critical pressures of the mixtures studied. The more volatile natural gasoline-crude oil blend shows critical pressures of the order of 15,000 to 18,000 lb. with only a small decrease indicated for rise in temperature from 70' to 200' F. The less volatile mixture of crude oil and natural gas indicates a critical pressure of the order of 25,000 pounds.
These high critical pressures are in apparent conflict with the indicated critical pressures of 4500 and 5000 lb. per sq. in. for the mixtures of Oklahoma City crude oil and gas a t 40" and 200" F. 8 However, the composition of the uniform fluid phase, especially with reference to the intermediate constituents ethane, propane, butane, etc., may have a marked effect ysis of the high-pressure fluids in question, and although these analyses were planned in the critical studies, an attempted fractionation of the uniform fluid of the natural gasoline-gas system failed because of inadequate vacuum in the column. The density of the liquid measured a t 0.68 grams per c.c., gas density, and gas-liquid ratio give a computed molecular weight of 39.2 for the fluid. This value, the composition of the natural gasoline, and the composition of a gas similar to that used,
FIG. 5.-GAS-LIQUID RATIOS WHEN SEPARATING HIGH-PRESSURE VAPORS AND LIQUIDS AT CONDITIONS EQUNALENT TO 8 0 ' F. AND 370 POUNDS.
give an approximate composition for the uniform phase as shown in Table 3 . A correlation of critical pressures of mixtures containing methane and less volatile constituents might be made in the direction shown by Sage and Lacey. 16 Computed properties on the samples in these experiments and of the Oklahoma City crude8 along with binary mixture datal6.15 should not be expected to cover the field but might give a rough method of estimating critical pressures.
APPLICATION OF INFORMATION TO OIL AND GAS RESERVOIRS
The use of a trap in separating heavy constituents from the effluent from a well is similar to the experiments on high-pressure vapors and liquids. The gas-oil ratios are a rather good qualitative guide as to phases expected to exist in the reservoir at a given temperature and pressure. The yields of liquid in the experiments on a basis of cubic feet of gas per barrel of liquid were computed in Table 2 and plotted on Fig. 5 . The trap vaporization conditions at about minus 100" F. and one atmosphere corresponds on a vapor-pressure chart to 80" F. and 370 lb. absolute, or in the customary separator operating range. The data show that gas-liquid ratios of 3920 cu. ft. per barrel of liquid would be obtained when passing the vapors of the natural gasoline-natural gas system saturated a t 3790 lb. and 80" F. through a separator at about the conditions of 80" F. and 370 pounds.
It is also shown that vapors saturated at 8900 lb. and 200" F. from the crude oil-natural gasoline-natural gas system would have ratios of the order of 11,200 cu. ft. per barrel of separator liquid. The volatility of the system has considerable effect upon the gas-liquid ratio, as shown by the ratio of 58,000 for the crude-natural gas system when saturated at 80" F. and 9300 pounds. I t is possible to estimate the critical concentrations of the constituents in the mixtures of Oklahoma City crude oil and natural gas by extrapolation of liquid and vapor concentrations to the same value at the estimated critical pressures. These analyses, shown in Table 3 , and the equilibrium constants were used to compute the gas-liquid ratios expected when separating the mixture at 370 lb. and 80" F. The gas-liquid ratios of the crude saturated a t 2600 lb. and 132" F., and an experimental analysis of vapors saturated a t 3527 lb. and 200" F.8 when in equilibrium at the above conditions, give an approximate gas-liquid ratio diagram for the Oklahoma City crude-gas system. These data point to a gasliquid ratio of the order of 1500 to 4000 cu. ft. per barrel liquid for the critical fluids mentioned when separating at conditions equivalent to 80" F. and 370 lb. per sq. inch.
The ratio of gas to liquid found by Eilerts and Shellhardt6 for a reservoir fluid at 3177 lb. and 228" F. when separated at 330 lb. and 76" F. was 34,800 cu. ft. per barrel of stock-tank liquid and a somewhat lower value when computed on basis of separator liquid. This point is in the region of ratios corresponding to saturated vapors. Although a saturated vapor might carry a small of liquid phase and have a ratio corresponding to a vapor, their report does not give conclusive evidence.
The color of liquids produced from wells is sometimes used as a very rough guide as to the probable phases present in the reservoir, and the following observations of these experiments should be noted. All vapors when subjected to a condensation process corresponding to the separation conditions described gave a liquid of water white to deep straw color. Because they were dark in color when charged to the apparatus, ratio, reservoir temperature and pressure, and analysis of well effluent. If the probable phase or phases present are known, the behavior with subsequent pressure changes should be considered. The identification of the phase relations of a well effluent when it is present at the reservoir conditions assists in choosing production methods and in clarifying legal considerations. The behavior of a mixture may be considered in terms of a phase diagram of the type shown in Fig. 2 , but known to be of different proportions.
Assume a well in a reservoir having fluid thought to be below its critical temperature, or below the pressure of maximum temperature on the phase diagram, for a representative reservoir fluid. The well could be producing from the reservoir a uniform phase: (1) above the liquid line of its diagram, (2) saturated liquid, or (3) a mixture of vapor and liquid. In any event the volume of the liquid in the reservoir would diminish upon pressure reduction. A well in the first two cases could produce uniform fluid only but in the third could give almost any gasliquid ratio. The behavior of the well effluent at the surface that prpduces only from the vapor phase or produces a mixture of the two reservoir phases must be considered in the light of a phase diagram for the new mixture. In most cases a saturated reservoir vapor would be at some point on its phase diagram between critical temperature and maximum temperature, and would give retrograde condensation if the separator conditions were chosen to give a pressure-temperature point within the diagram. The position of the saturated vapor on its own diagram must be relatively close to the maximum temperature value for 2000 to 3000-lb. gas wells producing a condensate with high gas-oil ratios, since a high value for percentage of liquid is not traversed in the expansion process. If the well produced a mixture of the two reservoir phases, the new mixture might be at its critical temperature, but at a pressure low enough to show nothing but normal vaporization with pressure decrease.
For conditions above the critical temperature but below maximum two-phase temperature, and above the pressure for this temperature, a reservoir fluid might be in the uniform fluid phase or be a mixture of vapor and liquid. If it were a uniform phase, pressure reduction would cause liquefaction to a degree dependent upon the relation of the temperature to the critical and maximum temperatures. For conditions above the maximum temperature a uniform phase exists for any pressure, hence this condition is not likely to occur for fluids containing substantial amounts of compounds above hexane or heptane.
We have not accumulated enough data for drawing definite conclusions concerning the critical phenomena as applied to all gas and oil mixtures. Data presented showed that hydrocarbonvaporsmay give gas-liquid ratios of 5000 to 10,000 cu. ft. per barrel of liquid and that ratios for saturated liquids are unlikely to pass 5000 cu. ft. per barrel of residual liquid for any natural fluid. Critical temperatures of mixtures are defined and shown to have little significance if the pressure is appreciably below the critical pressure. Retrograde condensation may occur upon isothermal expansion of vapors coming from a two-phase system below its critical temperature, because the vapors must be considered in terms of the phase diagram after, removal from the two-phase system and hence be above the critical temperature.
The gradual changes that occur upon compression of the gaseous and liquid phases before critical conditions are reached should be of interest to production groups because the data presented point to critical pressures above 10,000 lb. for mixtures void of excess intermediate constituents between methane and the high-boiling compounds. For more volatile mixtures, critical pressures may occur in the range of reservoir pressures found in deep wells. , The increased concentration of gaseous constituents in the liquid phase may be expected to eliminate the tar constituents of the liquid produced.
